Nanotheranostics 2018, Vol. 2 295

@0y [VYSPRING
B%vgﬁ INTERNATIONAL PUBLISHER

JYanothevanostics

2018; 2(4): 295-305. doi: 10.7150/ntno.22544

Near-Infrared Activated Release of Doxorubicin from
Plasmon Resonant Liposomes

Shellie S. Knights-Mitchell and Marek Romanowski*
Department of Biomedical Engineering, University of Arizona, 1657 E Helen St, Tucson, AZ 85721, USA
P4 Corresponding author: marekrom@email.arizona.edu 520-626-1578

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https:/ / creativecommons.org/licenses/by-nc/4.0/). See http:/ /ivyspring.com/ terms for full terms and conditions.

Received: 2017.09.18; Accepted: 2018.05.25; Published: 2018.06.21

Abstract

Precise control of drug release from nanoparticles can improve efficacy and reduce systemic toxicity
associated with administration of certain medications. Here, we combined two phenomena,
photothermal conversion in plasmon resonant gold coating and thermal sensitivity of liposome
compositions, to achieve a drug delivery system that rapidly releases doxorubicin in response to
external stimulus.

Methods: Thermosensitive liposomes were loaded with doxorubicin and gold-coated to produce
plasmon resonant drug delivery system. Plasmon resonance facilitates release of contents upon
near-infrared laser illumination, thus providing spatial and temporal control of the process. This
controlled delivery system was compared to thermosensitive liposomes without gold coating and to
the FDA-approved Doxil that was gold-coated to create a plasmon resonant coating. Release of
doxorubicin from the gold-coated thermosensitive liposomes was further confirmed by tests of cell
viability.

Results: Upon laser illumination at 760 nm and 88 mVW/cm? power density, permeability of plasmon
resonant liposomes increased by three orders of magnitude, from 70x10"'?to 60,000x10' cm/s. In
control experiments, mild hyperthermia (42°C) increased permeability of these thermosensitive
liposomes to just 3,700%107'? cm/s. Neither hyperthermia nor laser illumination elicit content
release from Doxil or plasmon resonant Doxil obtained by gold coating. Laser-induced release of
doxorubicin from plasmon resonant thermosensitive liposomes resulted in the loss of cell viability
significantly greater than in any of the control groups.

Conclusion: Combination of thermosensitive liposomes with plasmon resonant coating enables
rapid, controlled release, not currently available in pharmaceutical formulations of anticancer drugs.
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Introduction

With nearly 2 million people diagnosed with
cancer in the US in 2017, the overall improvement of
efficiency of treatment, while notable, is below the
NCI strategic goals of eliminating death and suffering
due to cancer by 2015 [1,2]. Among the key treatment
modalities, chemotherapy is particularly
disappointing, contributing just about 2% to 5 year
survival in all types of cancers [3]. While producing
lasting remission in certain cancers such as acute
lymphocytic leukemia and gestational

choriocarcinoma, the use of many chemotherapeutic
agents is limited by their very narrow therapeutic
window, ie., the range of doses that are
simultaneously efficacious and non-toxic [4,5]. New
formulations of established chemotherapeutic agents,
including Doxil, a liposomal formulation of
doxorubicin, have been introduced to clinical practice
in the US to limit systemic exposure to such drugs
[6,7]. Reduction of cardiotoxicity associated with
doxorubicin is an added advantage of drug
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encapsulation within the liposome [8,9]. Moreover,
this delivery system allows for successful drug
accumulation at the tumor site via the enhanced
permeability and retention (EPR) effect that is made
possible by the leaky vasculature and decreased
lymphatic drainage characteristic of the tumor
environment [8,10].

Further improvement of efficacy can be achieved
by targeted delivery and controlled release. Targeted
delivery mechanisms rely on molecular recognition of
various markers overexpressed in diseased cells
[11,12]. In controlled release, the delivered therapeutic
substance is released or activated on demand.
Methods of activation may include internal conditions
associated with the disease such as a local change of
pH, or external stimuli, such as hyperthermia or
illumination with near infrared (NIR) light [13-16].

Previously, we introduced and characterized
plasmon resonant liposomes, a composite material
that upon near infrared illumination releases content
with exquisite spatial and temporal control [17,18]. In
the preparative process, gold nanoparticles were
formed by in situ reduction of ionic gold in the
presence of phosphatidylcholine liposomes, yielding
gold-coated liposomes [19,20]. We characterized these
preparations by several electron microscopy
techniques, confirming formation of gold coating on
the surface of liposomes [19], formation of small, 1-2
nm gold clusters [20], and stability of the resulting
structures upon illumination with NIR light [21]. The
use of NIR light promotes a greater depth of
penetration with reduced damage to tissue [22]. We
also introduced a computational model to relate the
resulting plasmon resonance spectra to the density
and size of gold cluster on the liposomal template
[20]. The preparative process was confirmed
independently by others who have investigated
plasmon resonant liposomes in vitro and in vivo [23].
We tested this novel technology in several assays
requiring delivery of simple molecular probes or
ligands [24,25]. Encouraged by these results we
hypothesize that the plasmon resonant liposomes can
support controlled release of antineoplastic agents
used in the treatment of cancer.

In this report we demonstrate on-demand
release by activation using NIR light. We
accomplished this by encapsulating doxorubicin in
thermosensitive  plasmon resonant liposomes.
Quantitative analysis of content release demonstrates
a rapid, switch-like, release in response to the
near-infrared trigger stimuli, not achievable in
un-coated thermosensitive liposomes or in Doxil, the
FDA-approved liposomal formulation of doxorubicin.
Precise, on-demand delivery of high doses of drug,
while minimizing systemic exposure, would
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effectively decrease side effects associated with
chemotherapy, may increase patient compliance and
improve the quality of life of patients [26].

Materials and Methods

Liposome preparation and characterization

Liposomes composed of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), hydrogenated soy
L-a-phosphatidylcholine (HSPC), cholesterol, and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanlamine-N-
[methoxy(polyethyleneglycol)-2000] (ammonium salt)
(DPPE-PEG 2000) (Avanti Polar Lipids, Alabaster,
AL), were prepared in the molar ratio 50:25:15:3 using
a method similar to that described by de Smet et al.
(Figure 1) [27]. This combination of lipids was
specifically chosen because it resulted in a
thermosensitive formulation. Lipids and cholesterol
were weighed, mixed and completely dissolved in
chloroform. Most of the chloroform was removed by
exposure to a gentle flow of nitrogen. The sample was
left under vacuum overnight for complete removal of
the remaining solvent. Lipids were rehydrated using
240 mM ammonium sulfate solution to prepare a 20
mM lipid suspension. After ten cycles of freeze and
thaw using an isopropanol/dry ice bath and 60 °C
water bath, the samples were extruded through
polycarbonate membranes (Whatman, Florham Park,
NJ), pore size 200 nm and 100 nm, 5 times each at 60
°C using a 10 ml LIPEX extruder (Northern Lipids
Inc., Vancouver, BC). Liposome size was measured
using the Nano-ZS Zetasizer from Malvern
Instruments.

Drug Loading

Drug loading was accomplished using
previously described remote loading methods [7,27].
Un-encapsulated ammonium sulfate was replaced
with HEPES buffered saline (HBS) (20 mM HEPES,
137 mM NaCl) via gel filtration. Doxorubicin-HCl
(Sigma Aldrich, St. Louis, MO) solution at 5 mg/ml
was added to the liposome suspension at 20:1
phospholipid/drug ratio. The sample was incubated
for 90 minutes at 37 °C after which un-encapsulated
drug was removed via gel filtration using a PD-10
desalting column (GE Healthcare Life Sciences,
Pittsburg, PA). To determine encapsulation efficiency
(EE), unpurified and purified samples were lysed
using Triton X-100 and the fluorescence intensity of
doxorubicin was collected. The fluorescence intensity
of doxorubicin before purification, I, and
doxorubicin fluorescence intensity after purification,
Tiiposome, Wwere measured and EE was calculated as:

EE (%) = Iliposume/Itotul X 100% (1)
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Gold coating

Reduction of gold was carried out following a
previously reported technique [17]. Briefly, an
aqueous solution of gold chloride (100 mM) was
added to a sample of liposome suspension (1 ml, 10
mM lipids), followed by an aqueous solution of
ascorbic acid (500 mM). Each addition was
accompanied by gentle swirling until a distinct color
change, attributed to plasmon resonance, was
observed. For resonant peak wavelengths at 760 nm,
24 pl gold chloride solution was added to the
suspension, followed by 36 pl ascorbic acid solution.
Absorbance spectra were obtained using the Cary 5
dual beam spectrophotometer.

Thermal Release

Thermal release was demonstrated using a water
bath, first at 37 °C and then at 42 °C, to mimic body
temperature and moderate hyperthermia
respectively. Liposomes were diluted to 150 pM lipids
using HBS, and 2 ml of the resulting suspension was
transferred to a cuvette. The cuvette was placed in the
preheated water bath for a predetermined length of
time. Subsequently, fluorescence emission spectra of
the samples were collected using the QE65000
Spectrometer (Ocean Optics, Dunedin, FL) with a 470
nm LED providing excitation light. Triton X-100 was
added to lyse liposomes and obtain fluorescence
emission for 100 % content release. The percent of
drug release was calculated as:

drug release (%) = (I - Lo)/ (I-Lo) * 100% (2)

Where I is the sample maximum intensity of
fluorescence emission at 597 nm (excitation at 470
nm), I, is the maximum emission of an untreated
sample, and I; is the maximum emission after
treatment with Triton X-100.

Light-Induced Release

Light-induced release was tested in all the
following  liposome  formulations:  uncoated
doxorubicin-loaded  liposomes (hereafter LU),
gold-coated doxorubicin-loaded liposomes (hereafter
LC), Doxil (Doxorubicin Hydrochloride Liposome
Injection, Northstar Rx LLC, Memphis, TN, hereafter
DU) and gold-coated Doxil (hereafter DC). All
samples were illuminated with a 760 nm laser diode
(RPMC Lasers, O’Fallon, MO) driven by a constant
current source (ILX Lightwave, Bozeman, MT) using a
method previously described [17,20]. A 30 pl as
prepared sample was placed in a cuvette. The sample
was illuminated for the desired amount of time (from
0 to 5 minutes) with the diode laser operating at 0.5 ps
pulse width and 10 % duty cycle. Liposomes were
diluted to 2 ml (150 uM) and fluorescence emission
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spectrum was collected. This was followed by the
lysis of liposomes by Triton X-100 and a second
measurement of fluorescence emission. The percent of
drug released was calculated using Equation 2.

Permeability Coefficients

Assuming that doxorubicin release is the result
of diffusion only, the permeability coefficient, P, is
calculated using Equation 3 where r is the internal
radius of the liposome and k is the first order rate
constant [28]:

P=(r/3)xk (3

To determine k, the release data was fitted to a
first order release equation (Equation 4) where F
represents the percent drug released, M, represents
the total amount of drug released, k represents the
first order rate constant and t represents time.

F(%)=Mox (L-ek) (4)

M, was treated as a variable because the
maximum percent of doxorubicin released across
experiments varied. For samples that had less than 10
% release after exposure to stimuli, M, was taken as
100 %. For samples that reached a steady maximum,
M, was taken as that maximum percent release value.

Differential Scanning Calorimetry (DSC)

DSC was performed using the NanoDSC from
TA Instruments (New Castle, DE). Each sample was
dialyzed against HEPES buffer before
experimentation. This equipment utilizes a capillary
cell design to decrease the potential for sample
aggregation and solid-state thermoelectric elements
that allow for a high degree of sample temperature
control. Thermal analysis was conducted at a 1
°C/min heating rate from 10 - 90 °C with a 600 pl
sample volume. Analysis was completed by
normalizing data to the mass of phospholipid present
in each sample and correcting for baseline drift by a
sigmoidal baseline subtraction. The TA instruments
software, NanoAnalyze was used for data analysis.
The data were fit to Gaussian distributions to obtain
thermodynamic parameters including transition
temperature (T},), temperature width of the transition
at half the peak height (ATiz) and calorimetric
enthalpy (AH.;). The values of T, and Ti» and the
molar gas constant (R) were used in Equation 5 to
determine an approximate value of the van’t Hoff
enthalpy (AHvn):

AHVH = 4RTm2/AT1/2 (5)

Consequently, the value of the cooperative unit
(CU) for each lipid composition was calculated as CU
= AH VH/ AI_Ical .
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Cell Viability and Fluorescence Imaging

A375 (human melanoma) cells were seeded on a
96 well plate at a seeding density of 1 x 105 cells/ml in
RPMI (10% fetal bovine serum (v/®), 1%
penicillin-streptomycin (v/v)) and were left to attach
overnight at 37 °C and 5 % CO, Liposome
formulations and free doxorubicin were exposed to
different stimuli before being added to cells -
hyperthermia at 42 °C for 20 minutes or laser
illumination at 760 nm for 2 minutes. Cells were then
treated with four different sets of doxorubicin
liposome formulations. Samples of formulations were
diluted in fully supplemented RPMI to a final
doxorubicin concentration of 10 pM. 100 pl of
doxorubicin loaded liposomes diluted in cell culture
media was added to each well and cells were left to
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incubate for 4 hours in a humidified chamber at 37 °C
and 5% CO,. Controls included cells that were
untreated (control), cells that were exposed to the
drug but without any stimulus (no stimulus) and free
doxorubicin (free). After incubation, 20 pl resazurin
dye (0.15 mg/ml) was added to each well and the cells
were incubated in a humidified chamber at 37 °C for 2
hours. The resulting resorufin signal (pink and
fluorescent) obtained from metabolically active cells
was measured using a fluorimeter with excitation
wavelength of 531 nm and emission wavelength of
615 nm. The average and standard deviation from
eight wells were calculated and cell viability was
determined as a percentage that was based on the
fraction of cells alive in the treated samples compared
to untreated cells (control).
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Figure 1. Molecular structures of lipids,1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (A) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanlamine-N-[methoxy
(polyethyleneglycol)-2000] (DPPE PEG 2000) (B) and cholesterol (C) used in the formation of liposomes. (D) Chemical structure of doxorubicin-HCI — drug encapsulated in
liposomes. (E) Unilamellar liposomes are prepared by freeze-thaw followed by extrusion, loaded with doxorubicin by the ammonium gradient method, and coated with gold by

in-situ reduction of gold chloride.
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Microscopy images were collected using an
inverted microscope (IX71, Olympus, Center Valley,
Pennsylvania) equipped with a 60X 142 NA
oil-immersion lens (Olympus, Center Valley, PA) and
an air-cooled 512x512 pixel EM-CCCD digital camera
(Hamamatsu, Bridgewater, NJ). Cells were visualized
by differential interference contrast, then by
epifluorescence images of cell nuclei followed by
doxorubicin. The cell nuclei were visualized by
staining with Hoechst 33328 dye and using a filter
cube comprising a 350/25 nm excitation bandpass
filter, 400 nm long pass dichroic mirror, and a 420 nm
long pass filter for emission collection. Doxorubicin
fluorescence was collected using a 480/20 nm
excitation bandpass filter, 565 nm long pass dichroic
mirror and a 605/35 nm emission bandpass filter.

Statistical Analysis

GraphPad Prism version 7.03 for Windows
(GraphPad Software, La Jolla, CA) was used for all
statistical analysis. Differences in effect of the multiple
liposomal formulations on cell viability were
analyzed using one-way ANOVA followed by
Dunnett’s multiple comparisons test. A p value <0.05
was considered significant.

Results

Doxorubicin-loaded liposome characterization

Liposomes were loaded with doxorubicin using
an ammonium sulfate gradient for an active loading
process. These liposomes (LU and LC) were
compared to Doxil (DU and DC). Both sets of
formulations encapsulated the anthracycline drug
doxorubicin, however, a thermosensitive lipid
composition was selected for LU and LC (Table 1).

As shown in Table 2, the hydrodynamic
diameter of LU determined by dynamic light
scattering was 123 nm. On the addition of gold to the
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liposome surface to generate LC, the apparent
diameter increased to 158 nm. Uncoated Doxil (DU)
had a slightly smaller diameter at 86 nm while its gold
coated counterpart followed a similar trend where the
plasmon resonant Doxil (DC) diameter increased to
142 nm (Table 2).

Table 1. Lipid composition (mol %) of prepared liposomes (LU
and LC) vs. Doxil (DU and DC). 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), hydrogenated soy L-a-phosphatidyl-
choline (HSPC), cholesterol (CHOL), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanlamine-N-[methoxy(polyethyleneglycol)-
2000] (DPPE-PEG 2000), and 1,2-distearoyl-sn-glycero-3-
phosphoethanlamine-N-[methoxy(polyethyleneglycol)-2000]
(DSPE-PEG 2000).

Lipid Liposomes (mol %) Doxil (mol %)
DPPC 50 0

HSPC 25 55

CHOL 15 40
DPPE-PEG2000 3 0
DSPE-PEG2000 0 5

Table 2. Liposome characterization summary. Hydrodynamic
diameter measured via dynamic light scattering.

Sample Name Hydrodynamic Diameter (nm)* PDI"

Doxil Uncoated (DU) 864 0.110 £ 0.130
Doxil Gold-Coated (DC) 142 £42 0.600 + 0.270
Liposomes Uncoated (LU) 123+6 0.084 + 0.074
Liposomes Gold-Coated (LC) 158 +26 0.390 + 0.280

“ Mean + standard deviation (n=3), PDI = Polydispersity index

This change can be partially attributed to an
increase in the size distribution. The uncoated
particles have smaller polydispersity indices (PDlIs),
indicating narrower size distribution. When
compared to their gold-coated counterparts, the PDIs
increase substantially with the largest being observed
in gold-coated Doxil (DC). The characteristic
doxorubicin absorbance peak is seen at 465 nm while
the peaks due to plasmon resonance fall within the
NIR region for both samples, with that of DC at 660
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Figure 2. Absorbance spectra of Doxil (A) and thermosensitive liposomes (B): doxorubicin-loaded uncoated (solid blue), doxorubicin-loaded and gold-coated (solid green),
plasmon resonance spectrum only (solid black), computational model of plasmon resonance spectrum (dotted blue).
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nm and LC at 760 nm (Figure 2). Obtained
experimental spectra can be interpreted by
computational modelling of the plasmon resonance in
gold-coated liposomes [19]. The computational model
traces in Figure 2 represent plasmon resonance
obtained by decorating the outer surface of these
liposomes with 2 nm gold clusters to cover 62% (for
Doxil) or 80% (for thermosensitive liposomes) of the
surface with gold (see Figure 1E for graphical
representation). We attribute the lower gold coverage
of Doxil to the lower content of phosphatidylcholines,
which likely provide nucleation sites for in situ
reduction of ionic gold [20]. The active loading of
doxorubicin using the ammonium sulfate gradient led
to an encapsulation efficiency of 73 + 11% over five
independent experiments.

Drug Release

Stable drug encapsulation at physiological
conditions is paramount for the success of a drug
delivery system. Encapsulation stability tests at 37 °C
and pH 7.4, intended to mimic body temperature and
pH, were conducted. All samples showed stable
doxorubicin retention at physiological temperature
and pH with less than 10 % release at 37° C (Figure 3).
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20 - Doxil Uncoated (DU)
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The proposed mechanism requires photothermal
conversion in the plasmon resonant gold coating,
followed by thermally activated leakage in the
thermo-responsive liposomes. Figure 4 shows that
both DU and DC were unaffected by the temperature
elevation to 42 °C while LU and LC leaked all their
contents within 60 minutes of exposure to
hyperthermia.

Finally, to show that plasmon resonant
liposomes were responsive to laser illumination, all
samples were irradiated at 88 mW /cm? power density
with a 760 nm laser diode. The fastest response was
obtained from the LC sample after laser exposure,
with most of the encapsulated drug being released
within 5 minutes of illumination. LC reached the
maximum of 74% release within 5 minutes of laser
exposure while there was less than 5% release from
LU over the same period (Figure 5). While both LC
and LU displayed significant content release upon
hyperthermia at 42 °C, this release was much slower
then release from LC initiated by laser illumination. In
comparison, release from Doxil (DU and DC) in
response to laser illumination and hyperthermia were
negligible.

- Doxil Gold-Coated (DC)

Doxorubicin Released (%)
h
=

0 10 20 30 40 50 60 70

Time (min) Time (min)
100 100
901 = Liposomes Uncoated (LU) 90 * Liposomes Gold-Coated (LC)

Doxorubicin Released (%)
7
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h
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Figure 3. Doxorubicin release at 37 °C. Doxorubicin release was monitored by measurement of fluorescence intensity. Data are presented as mean * standard deviation (n=4).
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Figure 4. Doxorubicin release at 42 °C. Some of the Doxil Uncoated (DU) and Doxil
Gold-Coated (DC) overlap hence in some areas only the DC symbol is seen. Data are
presented as mean * standard deviation (n=4).
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samples. It has only mild effect on the permeability of
the LU sample, which increased 3-fold compared to
its permeability at 37 °C. However, laser illumination
of the LC sample resulted in the largest permeability
coefficient across all samples, 60,000 x 1012 cm/s, a
value that is 3 orders of magnitude greater than LC
permeability at 37 °C (Table 3).

Table 3. Permeability coefficients of liposome formulations at 37
°C, 42 °C, and 37 °C with exposure to 760 nm laser illumination.
Calculations made based on rate constants generated from first
order rate equation curve fit to release data.

Permeability Coefficient, P (1012 cm/s)

100 -
-~ Doxil Uncoated (DU) = Liposomes Uncoated (LU)
-+ Doxil Gold-Coated (DC) % Liposomes Gold-Coated (LC)
801
£
o
W
2 601
=
Y
-4
£ 401
=
2
=]
g 201
(=]
0 = 4 el rrr—
v T— & L
0 2 4 6
Time (min)

Figure 5. Doxorubicin release via laser illumination. All formulations were exposed
to laser illumination at 760 nm. Doxorubicin release was monitored by measurement
of fluorescence intensity. Doxil uncoated (DU) and Doxil gold-coated (DC) overlap
hence mostly DC points (closed circle) are seen on the graph. Data are presented as
mean * standard deviation (n=4).

37 C 42 °C Laser
Doxil Uncoated (DU) 10 0 50
Doxil Gold-Coated (DC) 20 10 90
Liposomes Uncoated (LU) 30 2600 80
Liposomes Gold-Coated (LC) 70 3700 60000

Permeability coefficients

Permeability coefficients were calculated by
fitting the data to a first order release model (Equation
4). The permeability coefficients of the DU and DC
liposomes ranged from 10 to 90 x 102 cm/s at all of
the experimental conditions tested, showing
negligible response to hyperthermia or laser
illumination (Table 3). The LU and LC liposomes
displayed much greater responses to stimuli tested.
On exposure to mild hyperthermia, the permeability
coefficients of LU and LC samples increased similarly,
by two orders of magnitude, reaching 2600 x 10-12
cm/s and 3700 x 1012 cm/s respectively.

Notably, at 42 °C LC had a slightly higher
permeability than LU. The effect of this difference is
seen in the release profiles that show a maximum of
60 % release in LU while LC samples had a 90%
maximum release. Exposure to near infrared laser
light has a very different impact on the LU and LC

DSC

In isobaric thermogram scans, the Doxil samples,
although non-thermosensitive in our release
experiments, exhibited two transitions. One broad,
flat transition at 51.6 °C and 52.3 °C for the DU and DC
samples respectively represented the main lipid phase
transition while a sharper, narrower transition at 70
°C was associated with the entrapped doxorubicin
crystals (Figure 6). The lipid phase transition in both
DU and DC samples had similar AT i (full width at
half maximum) with widths of approximately 17 °C
(Table 4).

1

0.9 — + Doxil Uncoated (DU)

=] ====Doxil Gold-Coated (DC)
52_“ 0.8 +=++==+ Liposomes Gold-Coated (LC)
E 0.7 | = Liposomes Uncoated (LU)
T 0.6
£
E: 0.5 1
s 04 4
Q
S 0.3
(8]
= 0.2 1
£ 01 i

0 . == ; = .

20 30 40 50 60 70 80

Temperature (°C)

Figure 6. Isobaric thermograms of various formulations of doxorubicin after baseline
subtraction. Doxil (DU), gold-coated Doxil (DC), Liposomes uncoated (LU) and
Liposomes gold-coated (LC). Heating scans obtained at the rate of | °C/min.

The DSC curves for LU and LC also exhibited a
phase transition attributed to the main lipid phase
transition (Figure 6). The transition for LU was
observed at 44.5 °C with a shoulder at 46.2 °C while
that of LC was seen at 45.1 °C with a similar shoulder
at 46.5 °C. The presence of gold had an impact on the
first transition peak as indicated by a 0.6 °C increase in
the LC transition temperature in comparison to LU.

http://lwww.ntno.org



Nanotheranostics 2018, Vol. 2

Table 4. Thermodynamic parameters obtained from DSC
measurements for lipid transitions the main lipid phase transition,
determined by the greatest heat capacity (Figure 6).

T2 (°C)  ATyb (°C)  AHur (kcal/mol) AHypd (kcal/mol) CUe
DU 51.6 16.8 1.93 43 22
DC 523 16.5 245 42 17
LU 445 8.05 3.76 504 134
LC 451 6.70 4.50 567 126

a T: transition temperature

b AT1/2: width of the endotherm at half the height
€ AHcr: calorimetric enthalpy

4 AHyy: van’t Hoff enthalpy

e CU: cooperative unit

The peak attributed to the presence of
doxorubicin crystals in the DU and DC samples was
absent in the LU and LC samples. This result can be
attributed to the thermo-sensitivity of liposomal
formulation which has a phase transition temperature
of 44.5 °C and 45.1 °C for LU and LC respectively. At
the phase transition drug leakage is expected to occur,
a fact that is shown in Figure 4 where leakage occurs
at 42 °C. Since the doxorubicin crystals peak occur at
70 °C, after leakage at 42°C, it is unlikely that there is
drug present to generate a transition peak in the LU
and LC samples. The endotherm widths of LU and LC
were narrower than those seen for DU and DC
samples with values of AT = 8.05 °C and 6.70 °C for
LU and LC respectively.
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The calorimetric enthalpy for LC was slightly
greater than that of LU and this difference is reflected
in the calculated values of the van't Hoff enthalpies,
504 and 567 kcal/mol for LU and LC respectively.
Despite this difference, both the uncoated and the
gold-coated liposome samples had similar
cooperative unit values of 134 units (LU) and 126
units (LC) (Table 4).

Overall, the Doxil samples exhibited lower
calorimetric and van’t Hoff enthalpies than the
liposomes samples. Specifically, the van't Hoff
enthalpies for the DU and DC samples were 12-fold
lower than that reported for LU. Consequently, the
Doxil cooperative unit sizes were also smaller at 22
and 17 units for DU and DC respectively.

Cell Viability

Melanoma cells were treated with liposome
formulations and free doxorubicin. Cell viability was
then determined using the resazurin assay. Three
different conditions were tested. First, cells were
treated with liposomes or free doxorubicin but were
not exposed to hyperthermia or laser illumination
(Figure 7A). The second condition utilized liposomal
formulations or free doxorubicin at hyperthermia at
42 °C for 20 minutes (Figure 7B). Third, cells were

Viability (%)

Viability (%)
[-:]
L9

| B s 5 0
Control DU Dc LU LC  Free Control DU

A375 Cells Cell Nuclei

Viability (%)
(-]
[=3

LU LC Free Control DU Dc [RV} Lc Free

Doxorubicin Loaded

Gold-coated Liposomes Merged

Figure 7. Cell viability on exposure of A375 cells to doxorubicin loaded liposomes and Doxil. A. Cells were treated with liposomes that were not exposed to stimulus (no
stimulus). B. Cells treated with liposomes exposed to hyperthermia (42 °C) for 20 minutes. C. Cells treated with liposomes exposed to 760 nm laser illumination for 2 minutes.
Cells were then treated with resazurin to determine cell viability. All results were normalized to control cells that were not exposed to any drug. Error bars indicate standard
deviation (n=8), ****p<0.0001 vs. control (One way ANOVA followed by Dunnet’s multiple comparisons test).D. Fluorescence images of uptake of loaded gold-coated (LC)
liposome uptake in melanoma cells. Blue represents the nuclei and red represents loaded gold-coated (LC) liposomes. Scale bar represents 25 ym.
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exposed to liposome formulations or free drug, and
were irradiated with laser at 760 nm for two minutes
(Figure 7C). In all instances the free drug reduced cell
viability to under 50%. Moreover, in all cases, Doxil
sample, both uncoated (DU) and gold-coated (DC),
did not have significant effect on cell viability as
indicated by greater than 85% viability in all samples
post treatment.

The cells exposed to uncoated, doxorubicin-
loaded liposomes (LU) behaved as expected; upon
exposure of formulation to hyperthermia cell viability
reduced to 60%. On the other hand, with laser
exposure as well as in the absence of any stimulus, cell
viability remained unaffected by LU. Doxorubicin
appears to remain stably encapsulated in the
gold-coated liposomes (LC) in the absence of
hyperthermia and laser illumination as indicated by
the lack of effect on viability (Figure 7A). However,
upon application of either stimulus (hyperthermia or
760 nm laser illumination), decreasing cell viability to
under 40% indicates controlled release of doxorubicin
from LC (Figure 7B and 7C).

Discussion

Plasmon resonant gold nanoparticles find
applications in photothermal therapies and cancer
diagnostics [30, 31]. In this work, we combined two
phenomena, photothermal conversion in plasmon
resonant gold coating and thermal sensitivity of
certain liposome compositions, to achieve activation
of the drug release process. The gold-coated
liposomes are capable of a two-step process whereby
illumination with NIR light activates content release
by the energy conversion from light to heat, which
subsequently produces the liposome phase transition
from the gel to liquid crystalline state. This transition
effectively increases the bilayer permeability with
ensuing release of content from the liposomal core
[32]. Here, we demonstrated that plasmon resonant
liposomes enable temporal control of doxorubicin
release that is not possible in Doxil, the current
FDA-approved liposomal formulation of doxorubicin.

All the formulations investigated are stable at
pH 74 and 37 °C (Figure 3). Doxil samples, both
uncoated (DU) and gold coated (DC), showed no
evidence of leakage on exposure to mild
hyperthermia or laser illumination (Figures 4 and 5).
These data fall in line with well-known stability of
Doxil, the feature that allows the accumulation of the
liposomal drug at the tumor site via the enhanced
permeability and retention (EPR) effect [33, 34].
Delivery systems such as these rely on the local
environment for content release via a passive
diffusive process, difference in pH, or the presence of
enzymes or other molecules that assist in the

303

mechanical breakdown of the lipid membrane. They
generally lack a mechanism for precise spatial and
temporal activation of release. In contrast,
thermosensitive liposomes, both uncoated (LU) and
gold-coated (LC), while also stable at physiological
conditions, release their content upon mild
hyperthermia. However, upon exposure to laser
illumination gold-coated liposomes (LC) release
doxorubicin at a remarkably high rate, three orders of
magnitude greater than that observed with no
illumination.

Quantitative analysis of release was performed
by determination of permeability coefficient and its
changes in response to mild hyperthermia or laser
illumination. The permeability coefficients remained
approximately the same in all samples at 37 °C as well
as in heated (42 °C) and irradiated (760 nm) Doxil.
However, permeability coefficient of LU and LC was
strongly dependent on stimulus applied. Both
compositions were responsive to hyperthermia, with
permeability coefficient increasing by a factor of 100
when the temperature was raised from 37 °C to 42 °C.
Upon laser illumination at 37 °C, the uncoated
formulation was far less responsive. A dramatic
change was observed for the gold-coated formulation;
the permeability coefficient increased three orders of
magnitude and reached 0.60 x107 cm/s, just an order
of magnitude below the permeability coefficient of
urea across a red blood cell membrane, 5.7 X107 cm/'s
[35]. For comparison, the permeability coefficient we
achieved is three orders of magnitude greater than the
permeability coefficient of doxorubicin through a
lipid membrane composed of DPPC and 4%
DSPE-PEG, reported by others at 3.4 x 1010 cm/s
[36].This rapid release sets this system apart from
other liposomal drug delivery systems that utilize
hyperthermia [37], NIR-responsive dyes embedded
within the lipid membrane [38], or the co-injection of

gold nanoantennas and thermosensitive drug
delivery system [39] to regulate drug release.
As determined by differential scanning

calorimetry (DSC), the addition of gold to liposomes
caused a 0.6 °C increase in the phase transition
temperature. Wang et al. investigated the phase
transition of citrate-capped gold nanoparticles
adsorbed to the liposome surface. While employing a
different method of gold addition to the lipid surface,
they have also reported gold interaction with lipids
resulting in an increase in phase transition
temperature [40, 41]. This effect is also reflected in a
1.4 °C narrowing in peak width, an indication of an
increase in cooperativity. On the other hand, the
thermograms obtained for Doxil display much lower
cooperativity of its phase transition. These results are
in general agreement with recently published data
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[42] indicating that Doxil does not undergo a well
pronounced thermotropic phase transition. In accord
with the prevailing model [43], the lack of phase
transition inhibits temperature-induced reorgani-
zation of lipids at the main phase transition,
diminishing content release from such compositions.

Near-infrared illumination of plasmon resonant
thermosensitive liposomes act as a permeability
switch, changing the membrane permeability
coefficient over a broad range of values that is not
available by simply increasing temperature of the
media. This renders the plasmon resonant liposomes
particularly suitable for applications requiring
instantaneous release of contents. The remarkable
change of permeability coefficient we observe in
gold-coated thermosensitive liposomes may be
explained by the high thermal conductivity of gold.
The heat flow toward the lipid membrane, generally
governed by the Fourier Law, is directly related to the
thermal conductivities of materials in contact,
therefore kipia = 0.4 W/mxK and either kwater = 0.6
W/mxK or kgoiq =314 W/ mxK, yielding a greater heat
flow across the gold-lipid interface when compared to
the water-lipid interface [44]. Therefore, the use of
gold nanoparticles as a sensitizer for activation of a
thermal process ensures a much quicker and complete
change of permeability than that observed with
hyperthermia of uncoated liposomes or using various
types of molecular or organic sensitizer.

The impact of this photoactivated release of
doxorubicin on viability of melanoma cells was
evaluated using resazurin, a fluorescent indicator
producing an irreversible color change due to
metabolic activity. In the absence of release stimulus,
doxorubicin remains stably encapsulated in all
liposome formulations, including Doxil, and therefore
does not impact cell viability (Figure 7A). Mild
hypothermia (42 °C) significantly reduced viability of
cells exposed to uncoated liposomes (LU) and
gold-coated liposomes (LC), both loaded with
doxorubicin. However, light-activated cytotoxicity
was observed only with LC. While LC elicits similar
toxic effects upon laser illumination as hyperthermia,
with both reducing cell viability by nearly 70%, the
time associated with this effect is significantly
different. It requires 2 minutes of near-infrared
illumination or 20 minutes of hypothermia to produce
a similar reduction of cell viability.

In comparison to LU, LC show higher
permeability (Fig 4) and produce higher cytotoxicity
(Fig 7B) upon exposure to mild hyperthermia. This
difference can be attributed to changes in the lipid
membrane behavior caused by the attached gold
clusters. Note that DSC indicates a rather mild
difference between LU and LC phase transition
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enthalpy (Fig 6). The data suggest that gold-coated
liposomes as well as uncoated liposomes undergo a
similar phase transition upon hyperthermia, both
leading to increased permeability. However, it
appears that the ensuing rearrangement of lipids
modified with gold clusters (LC) disturbs the
membrane organization more, and produces
permeability greater than that of made of unmodified
lipid (LU), leading to faster release of contents from
LC.

The unique properties of plasmon resonant
liposomes are not limited to applications in drug
delivery but can in fact translate to include
multifunctional, theranostic applications. Studies
have shown that gold nanoparticles, within the size
range described in our model, can be used as contrast
agents for imaging modalities including X-ray [45]
and computed tomography (CT) [46] used in the
detection of different ~mammalian tumors.
Importantly for biomedical applications, gold coated
liposomes we introduced are biodegradable to sizes
that are compatible with renal clearance [19,47]. Our
own work demonstrates the possibility of using gold
coated liposomes to study cellular communication in
vitro [25] or for imaging vasculature of the brain in
vivo [48]. Together, these observations point to the
possibility of developing novel multifunctional,

theranostic applications based on gold-coated
liposomes.
Conclusions

Controlled release of doxorubicin, and possibly
other anthracyclines, can be accomplished by
photothermal conversion in gold coated liposomes.
The release initiated by near-infrared laser produces a
faster onset of cytotoxicity than that achieved by
hyperthermia. Successful implementation of this
technique requires a specialized thermally-responsive
lipid composition, whereas the commercial
formulation of doxorubicin is not directly amenable to
this mechanism of controlled release.
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